INTRODUCTION
============

"The use of phage as an index to the state of an individual cell would appear to have general usefulness in a variety of problems in bacterial physiology where the proper interpretation of an overall observation depends upon the proverbial question of whether it represents a change in all or only some of the cells." This is the concluding statement from a landmark paper by Seymour Benzer in 1953 ([@R1]), which highlighted a ubiquitous question in the study of any population. Although the notion of cellular heterogeneity is not new, until recently, the appropriate methods to study this heterogeneity in mammalian cells were not well developed. While it has been known for quite some time that behavior and function of individual mammalian cells vary significantly from a cell population ([@R2], [@R3]), a decade ago, it became clear that strategic development of next-generation tools and methods was necessary to understand and distinguish distinct cells in an apparent homogeneous population. This growing need for new technologies for studying heterogeneity in complex environments and awareness that heterogeneity has important functional implications led to the development of a single-cell analysis program by the National Institutes of Health (NIH) Common Fund (CF).

A major goal of the CF is to identify and address emerging scientific opportunities and outstanding challenges in biomedical research that no single NIH Institute or Center is poised to address on its own. In addition to supporting trans-NIH programs, the CF provides a "venture capital" space for high-risk, innovative research with potential for unusually high impact. These goal-driven programs are meant to catalyze a field in a span of 5 to 10 years. Planning for the Single Cell Analysis Program (SCAP; <https://commonfund.nih.gov/singlecell>) began in 2010, and it was formally launched in 2012 with the overall vision of accelerating the discovery, development, and translation of crosscutting, innovative approaches for analyzing the heterogeneity of biologically relevant populations of human cells in situ. This program had the following goals: evaluate cellular heterogeneity through transcriptomic analysis, develop exceptionally innovative tools and technologies for single-cell analysis, accelerate the integration and translation of technologies to characterize biological processes at the single-cell level, and develop and translate single-cell methods for clinical diagnosis and therapy. An additional goal to measure and manipulate the heterogeneity of individual cells in situ was added later. This program ended in 2017; we provide a perspective here on the impact of the program as a catalyst for exploration of human tissues at the cellular level.

Technology Development
======================

Although cells are the basic unit of biological function, most methods for studying normal physiology and disease do not have resolution at the cellular level. Thus, rare cell types and their functions may be missed, dynamic events that lead to changing cellular states are difficult to detect, and variability between cells and the functional significance of the variability may be difficult to measure or overlooked altogether. While the importance of analyzing individual cells was becoming increasingly apparent, methods to enable analysis of individual cells from complex environments were not available. To overcome this challenge, the SCAP began in 2012 with an emphasis on technology development. At that time, RNA sequencing (RNA-seq) was starting to be used for ensemble measurement of gene expression in human tissues, while RNA and DNA fluorescence in situ hybridization (FISH) techniques were being pushed to subcellular resolution and higher sensitivity (although mostly for just a few genes) ([@R4], [@R5]). Single-cell technologies---in particular, single-cell transcriptomics and live-cell imaging---have advanced significantly during the past 7 years, improving detection sensitivity, multiplexing, and assay throughput and allowing single-cell measurements in the context of the local microenvironment ([@R6]--[@R8]).

A variety of single-cell technologies have been developed by the SCAP to analyze DNA sequence, DNA methylation, chromosome conformation, and chromatin state. This program supported the development of microdroplet and microchip-based single-cell RNA-seq protocols, helping to pave the way for marked expansion of their use across biology and medicine. The program also supported projects to improve the throughput of assays, increasing the scope and scale of experimental measures. There have also been many other independently developed methods that catalyzed the field of single-cell analysis. For instance, hundreds to thousands of unique RNA species can now be sequenced or imaged at single-copy sensitivity, and more than 40 unique protein species can be assayed simultaneously in a high-throughput manner using mass cytometry ([@R9]).

During the life cycle of the SCAP, technology development evolved around three broad themes: (i) droplet-based sequencing approaches \[for example, inDrop for high-throughput single-cell transcriptomics ([@R10])\], (ii) enhanced spatial resolution via fluorescence-based techniques \[FISSEQ ([@R11])\], and (iii) barcoding techniques to multiplex microscopic approaches \[for example, seqFISH ([@R12])\]. Further advancements in sequencing and imaging techniques were achieved. These included isolated single nuclei in cells and postmortem tissues ([@R13], [@R14]) as well as capture techniques such as transcriptome in vivo analysis (TIVA) tag for RNA capture ([@R15]) and the dual-view inverted selective plane illumination microscope (diSPIM) imaging system, which provides tracking of cell lineage in living multicellular organisms ([@R16]). The SCAP has also significantly moved the field of single-molecule FISH for RNA and protein detection forward ([@R17]), including the detection of single-nucleotide variants, multiplexing the detection of tens of RNAs and proteins, and RNA detection in live cells using CRISPR (clustered regularly interspaced short palindromic repeats) ([@R18]). Together, these techniques have contributed significantly to the tool kit for single-cell analysis and catalyzed the development of next-generation technologies, initiated commercialization of analytical products, and provided novel biological insights to better understand the role of cellular heterogeneity in the field of cancer, immunology, and neuroscience. Gratifyingly, SCAP-supported projects continue to yield novel methods for single-cell analysis even after the program officially ended---for instance, transcriptome-scale RNA SPOT has the potential to lower sequencing costs ([@R19]) as well as single-nucleus analysis of accessible chromatin in developing mouse brain ([@R20]) and analysis of nuclear lamins ([@R21]). Program-generated resources also include establishment of the SCAP-Transcriptome (SCRAP-T) Consortium project, which developed a public portal ([www.scap-t.org](http://www.scap-t.org)) with phenotypic information and whole-transcriptome data from 56 human subjects. The SCAP-T Consortium established procedures for depositing metadata and RNA-seq data to the NIH National Center for Biotechnology Information (NCBI) database of Genotypes and Phenotype (dbGaP).

"Follow that Cell" Grand Challenge
==================================

An outstanding scientific challenge for the single-cell analysis community was comprehensive dynamic measurement so that alterations in cell behavior and function of individual cells could be better assessed over time. To address this challenge, the SCAP instituted a grand challenge in 2014, called "Follow that Cell" (<https://commonfund.nih.gov/singlecell/challenge>), the largest multiphase prize organized by the NIH at that time. The primary purpose of the "Follow that Cell" Challenge was to stimulate the development of new tools and methods for analyzing dynamic states of individual cells that can serve as the basis for predicting alterations in cell behavior and function over time. The first phase lasted 4 months, and from the proposed concepts, a team of experts identified 16 compelling theoretical ideas that went forward to a reduction-to-practice second phase. Ten of these teams submitted experimental results 2 years later at the end of phase 2. A winner and a runner-up prize were awarded in June 2017. The winning project demonstrated a novel nanopipette technology that can be used to monitor the molecular properties of single cells over time and was convincingly demonstrated to repeatedly and nondestructively interrogate a population of single cells ([@R22]). The runner-up project developed a nondestructive way for a heterogeneous population of cells to "self-report" their internal transcriptional state in a quantitatively interpretable manner by exporting part of their cytoplasm in a barcoded capsid. Apart from these two winners, other notable solutions offered single-molecule barcode nanobiosensors for probing collective cell migration and photostable multiplexing nanoAssays for real-time molecular imaging of single live cells.

Program Achievements and Lessons Learned
========================================

When the SCAP started, the field of single-cell analysis was at its nascent stages for studying heterogeneity of mammalian cells in complex environments. Although it is hard to quantify whether the field of single-cell analysis would have thrived without the support of the CF, it is clear that the SCAP helped catalyze and accelerate the field. For instance, between 2012 and 2016, the investigators in the SCAP published 216 papers. One hundred seventy-six of these papers are research articles that have received more than 4332 citations. The mean Relative Citation Ratio \[RCR; ([@R23])\] for these papers is 2.50, indicating that publications from the SCAP were cited approximately 2.50 times more frequently than the average NIH-funded publication ([Fig. 1A](#F1){ref-type="fig"}). It is worthwhile to note that, since the inception of the SCAP in 2012, there has also been a substantial increase in NIH-funded projects that use the term "single cell analysis" as well as a sharp increase in publications in this area ([Fig. 1](#F1){ref-type="fig"}, B and C). An additional aspect of the program also emerged quickly after the program launched in 2012; in response to significant interest from the small business community, a companion Small Business Innovation Research (SBIR) and Small Business Technology Transfer (STTR) opportunities were created by the NIH SCAP Working Group, which resulted in 18 additional awards, and these awards were included in program-wide activities. The open annual investigator meetings also saw a significant rise in attendance throughout the program, with more than 350 researchers registering for the final meeting.

![Historical trends of single cell analysis publications and research projects.\
(**A**) Type 1 applications that were funded as part of the SCAP generated 218 publications. Of these publications, 176 are research articles that were published between 2012 and 2016. The mean and median RCR (Relative Citation Ratio) values are shown here. The RCR benchmark of 1.0 is based on the median RCR for all NIH-funded publications. For additional information about RCR, see ([@R17]). (**B**) A text search of PubMed for publications that use the term "single cell analysis" yields 3994 publications, with a 73% increase since 2012 (the year the SCAP was launched). (**C**) A text search of the Information for Management, Planning, Analysis, and Coordination II (IMPACII) database for awarded NIH applications that use the term "single cell analysis" resulted in 320 unique projects since 1985.](aat8573-F1){#F1}

In the years since the SCAP began, single-cell RNA analytic methods have come of age and are increasingly being incorporated into large studies. For instance, a collaboration with the Genotype-Tissue Expression (GTEx) program ([@R24]) resulted in SCAP projects using GTEx tissues to generate single-cell analysis data, while GTEx investigators used techniques and protocols developed by the SCAP and projects funded in the NIH BRAIN Initiative ([www.braininitiative.nih.gov](http://www.braininitiative.nih.gov)). The tools developed from the SCAP will also be useful for NIH programs like the BRAIN Cell Census Consortium ([@R25]), the National Cancer Institute's Tumor Cell Atlas, and a new CF program, the Human BioMolecular Atlas Program (HuBMAP; <https://commonfund.nih.gov/HuBMAP>). The broad objective of HuBMAP is to catalyze the development of an open, global framework for comprehensively mapping the human body at a cellular resolution, the basis for which was established by the technology development supported by the SCAP. However, additional investments in technology development will be required to enable analysis of proteins, protein modifications, metabolites, and intercellular signaling in a high-throughput and robust manner across multiple human tissues at cellular resolution. These technologies represent the next wave of innovation and will be a focus of the HuBMAP program. The field of single-cell analysis is poised to launch the next phase of research addressing cellular interactions, history, states, and profiling in human tissues, thereby providing an unprecedented view of cellular and molecular composition for more precise diagnosis and therapies ([@R8]).
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